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ABSTRACT
FACTORS INFLUENCING THE DISTIBUTION OF EGG-BEARING AMERICAN
LOBSTERS (HOMARUS AMERICANUS)
By
Joshua Thomas Carloni
University of New Hampshire, May, 2018

The overall goal of this research was to explore the factors that influence the distribution
of egg-bearing (berried, ovigerous, eggers) lobsters along the coast of New Hampshire (NH),
specifically near the Isles of Shoals (IOS). Initially, I determined the distribution of egg-bearing
lobsters based on catch rates (#/trap haul) from New Hampshire Fish and Game Department’s
(NHF&G) Lobster Sea Sampling Program. Based on these data there appeared to be a higher
abundance of these lobsters on the eastern side of the IOS, which is closer to areas that are
deeper and characterized by higher current flow. To confirm this finding I designed a trap-based
study to assess lobster population demographics on both sides of the IOS (east vs. west) (Chapter
1). Trawls (traps tied to a common line) were set on similar substrates, depths, and comparable
soak times on both the east and west side of the IOS so non-biased comparisons could be made
between the two areas. Results suggest that traps fished on the eastern side of the IOS caught a
significantly higher number of egg-bearing lobsters than those set on the western side. There
was also a higher abundance of eggers with pre-hatch eggs in shallow water, and more females
in the process of hatching eggs in deep water. A similar pattern was also apparent in two other
surveys conducted along the coast of NH; the Lobster Sea Sampling Program and the Coastwide
x

Ventless Trap Survey. These data, taken together, led to my hypothesis that egg-bearing lobsters
move from shallow to deep water just prior to the time when their eggs are due to hatch.
In the summers of 2016 and 2017 I tested this hypothesis by tracking the movements of
12 late-stage egg-bearing lobsters using acoustic telemetry (Chapter 2). I acquired acoustic tags
for these animals (VEMCO V13AP) that transmitted depth (m) and activity (m/s -2) every ~ 90
seconds and logged these data using an array of fixed VR2W receivers in the same area where
the trap survey was conducted. All but one (92%) of these lobsters moved to deep water prior to
the time when we predicted their eggs would hatch, based on using the Perkins Eye Index assay
from samples removed from pre-tagged animals just before they were released. A total of 3
lobsters (25%) hatched eggs in deep water (30-40 m) within the array, while 67% left the array
generally in a south, southwesterly, direction towards deeper waters. These results supported my
hypothesis and indicated that the behavior of berried females appears to shift just prior to the
time when their eggs are predicted to hatch. At the end of both Chapters of this thesis I speculate
on the advantages of this behavior and the factors that might guide the movements of these
lobsters.

xi

INTRODUCTION
American lobster (Homarus americanus) is harvested throughout its current geographic
range in the northwest Atlantic Ocean, from North Carolina (United States) to Newfoundland
and Labrador (Canada), and from inshore coastal waters to offshore depths of more than 2,000
feet. The commercial harvest of lobster in the United States is currently the most valuable
single-species fisheries in the country (NOAA 2017). In the United States American lobster is
managed by the Atlantic States Marine Fisheries Commission in cooperation with both state and
federal partners. Currently the Gulf of Maine/Georges Bank (GOM/GBK) stock is at a time
series high level of abundance, whereas, the Southern New England stock is considered depleted.
If a resource of this geographical size and magnitude is to be managed as a sustainable
fishery, then it is imperative that regional populations are closely monitored and that we have a
good understanding of the distribution, mating characteristics and habitat use of ovigerous
female lobsters. Protection of egg-bearing females is at the foundation of the lobster
management pyramid (ASMFC 2006; ASMFC 2009), and as climate change continues to affect
the Gulf of Maine ecosystem; gaining a better understanding of how it might impact this segment
of the population is paramount. Much of what we know regarding the distribution of this
population-segment is based upon state/federal fisheries-dependent and fisheries-independent
monitoring programs (ASMFC 2010; Glenn et al. 2011). While this provides researchers with
information about their spatial and temporal distribution patterns, we still know very little about
the biotic and abiotic factors that guide their movements.
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In Southern New England (SNE), recent studies have shown that egg-bearing females are
not residing in the same areas as previously documented when their eggs hatch, and scientists
have speculated that this is the result of increasing ocean temperatures (ASMFC 2010; Glenn et
al. 2011). Importantly, it has also been shown that larvae released in these new locations may be
advected into areas that are unsuitable for survival (Glenn et al. 2011). There are clear signs that
suggest similar scenarios may be imminent in the Gulf of Maine (GOM). Data collected in 2012
indicate it is the most intense warming event in the last 30 years (Mills 2013). Since 1982
temperatures in GOM have increased by an average of 0.026OC per year, and since 2004 that rate
has increased to 0.26OC per year. So, the question remains, once temperatures increase in
historic brooding grounds in the Gulf of Maine, will the distribution of egg-bearing females
change?
To attempt to answer this question we first need to identify the areas currently being
utilized by brooding females and try to understand why they prefer these areas. What physical
and biological characteristics do these areas possess that make them attractive to ovigerous
lobsters? It is well known that lobster movement is highly influenced by water temperature and
it appears that in some regions females migrate offshore in the winter and inshore in the spring to
increase the number of degree days for gonad development and to synchronize their
molt/reproductive cycles (Aiken and Waddy 1986, Campbell and Stasko 1986, Waddy and
Aiken 1995, Crossin et al. 1998, Goldstein and Watson 2015). This paradigm is well ingrained
in modern-day lobster biology, and although it appears that temperature plays an important role
in lobster movements, one cannot discount other factors, such as habitat, depth, light intensity
and current speed/direction. Given the well documented cases of decapod crustaceans displaying
2

directed movement to release larvae in favorable areas for optimal larval development and
dispersal (Epifanio et al. 1984; Epifanio et al. 1988; Tankersley 1998, Goldstein 2012), it’s
reasonable to assume that factors other than temperature may play a role in the distribution of
ovigerous American lobsters during periods of both egg brooding and hatching.

Habitat Use
The habitat use by different life history stages of American lobsters has been studied in
detail. Early benthic phase lobsters (EBP, <40mm) appear to seek out complex habitat such as
cobble (Wahle and Steneck, 1991). Furthermore, it has been shown that areas facing southwest
have higher densities of newly settled lobsters. This pattern has been attributed to the southwest
winds that are typical in the late summer/early fall on the coast of Maine (Wahle and Incze,
1997). It’s clear that complex habitat provides protection for small, cryptic, early life stages of
American lobster. In contrast, the habitat preferences of adult lobsters appear to be more
flexible.
Dunnington et al. (2005) used seabed mapping and mark recapture methods to assess
population densities on various habitats. Legal sized lobsters were equally dense in cobble,
ledge and sediment habitats, as determined both with trap catches and dive surveys. The
manuscript however, didn’t present data with regards to egg-bearing females. Geraldi et al.
(2009) used the same dataset as the aforementioned study and found that catchability of total
lobsters was consistently higher on sediment as compared to hard substrate (i.e. cobble, boulder
& ledge). Although more lobsters were captured in areas dominated by sediment, it does not
mean those lobsters preferred sediment. They may have been moving through these areas during
3

daily foraging excursions or short migrations. This study also did not present data relating to
egg-bearing females in the results.

Lobster Movements
American lobster movements have been studied since to 1898, when Herman Bumpus
released approximately 500 mature females near Woods Hole, Massachusetts (Krouse, 1980
review). This tagging study, as well as others that followed through 1950 showed that lobster
movements were generally limited to <18km. It was not until 1957-59 when Robert Dow tagged
162 non-legal lobsters (i.e. sublegals, ovigerous, v-notch and oversize) in waters along the coast
of Maine that it was discovered that some lobsters make extensive movements (Dow, 1974). For
example, one lobster in Dow’s study traveled 138 miles in 7 months. To date there have been
well over 40 studies conducted with some form of active or passive tagging device and there are
certain patterns that tend to hold true for lobster movements throughout the range, as well as
some discrepancies.
It’s well established that smaller lobsters, in particular EBP lobsters, are cryptic and
move little from areas which provide shelter from predators (Wahle and Steneck, 1992), and
movement increases at larger sizes (Morrissey, 1971; Dow, 1974; Krouse, 1980 Review;
Campbell and Stasko, 1985; Campbell and Stasko, 1986, Campbell, 1989). Several studies have
shown that adult lobsters tend to exhibit seasonal movement patterns, migrating to deeper water
in the colder months and to shoal waters in the warmer months (Cooper and Uzmann, 1971;
Campbell and Stasko, 1986; Campbell et al., 1984; Krouse 1980 review; Campbell and Stasko,
1986; Campbell 1986). Authors of these papers have hypothesized that these directed
4

movements increase the rate of egg development, by increasing the degree days they accumulate.
Finally, it is generally accepted that water temperature has a strong influence on these
movements. It has been demonstrated they will behaviorally thermoregulate (Crossin et al.,
1998) and can detect very small changes in temperature (Jury and Watson, 2000).
Research has also been conducted on the movements of egg-bearing females, but to a
much lesser extent. In 1965, 1,258 egg-bearing females were taken from offshore waters and
relocated in Narragansett bay (Saila and Flowers, 1968). In general, females tended to stay in
shoal water until their eggs hatched and then they tended to move back towards the area of
original capture. Another study conducted in 1969-1970 on the eastern shore of Cape Cod,
concluded that ovigerous females with ripe eggs moved the greatest mean distance of all groups
tagged (Estrella and Morrissey, 1997). Conversely, lobsters tracked in NH via telemetry showed
that females without eggs moved shorter distances than mature females without eggs (Watson et
al., 1999). Campbell (1986) tagged 2,139 ovigerous females near Grand Manan and found that
of the total 1,877 recaptures, 75% moved <15 km. However, some exhibited shallow to deep
water migrations of > 20 km, with recaptures in shallow water (<20 m) in the summer-fall and
deep water (>200 m) in the winter-spring. The author concluded that migrations were
undertaken in order to maximize degree days for egg development and that warmer shallow
waters may provide a survival advantage for larval stage lobsters.
A cooperative study conducted by Steneck (2000) and commercial fishermen along the
coast of Maine in 1998 and 1999 reached the same conclusions as Campbell. Approximately
1,500 broodstock lobsters (v-notched and egg-bearing) were tagged and 400 were recaptured.
Results showed an offshore migration in the fall to deep water (50 fathoms), and a return to
5

shallow water in the spring, often to water less than 10 fathoms. Movement of broodstock in the
summer was reduced and no clear patterns were determined. The majority of movements by the
tagged broodstock were less than 30 miles.
Cowan et al. (2007) conducted an innovative study to determine the relationship between
temperature, movement and body size for ovigerous lobsters. The delineation between small and
large lobsters was 93 mm CL which is the size of 50% maturity in the Gulf of Maine. Results
from this study showed that large egg-bearing females (>93mm CL) moved greater distances and
were exposed to warmer temperatures in the winter than small egg-bearing females. However,
the temperature profiles also showed that large lobsters experienced cooler water temperatures in
the spring and thus the number of degree-days was similar between the two groups. It was also
not clear from this study when the eggs that were being carried by these females hatched. A
similar study by Goldstein and Watson (2015) in NH coastal waters demonstrated that the eggs
carried by ovigerous females that moved offshore in the winter probably hatched before they
moved back inshore in the spring/summer. They also determined that moving offshore did not, in
fact, increase the number of degree days and rate of egg development in comparison to lobsters
that remained inshore. Therefore, they hypothesized that these offshore movements might serve
to place females in ideal locations for larval survival and ultimately, for settlement. Campbell
(1990) reached similar conclusions as a result of studies in the Grand Manan region in Canada.
Five different areas were sampled based on depth and substrate. Within the study area,
consistently more egg-bearing females were caught in one of these areas and so he suggested that
specific areas around Grand Manan may be ideal for egg extrusion/hatch due to warm mixed
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waters. He also theorized that the strong tidal currents in the area with a high abundance of eggbearing lobsters may be ideal for rapid dispersal of newly hatched larvae.

Currents
It has been shown in various decapod crustaceans that egg-bearing females direct their
movements to areas that might be conducive to larval survival. For example, Atlantic blue crabs
Callinectes sapidus, mate in low salinity areas of estuaries and then females migrate into the
lower/mouth of the estuary where eggs hatch into pelagic larvae that are carried by ebbing tides
into higher salinity areas to complete metamorphosis (Tankersley, 1998). Fiddler crabs release
their larvae at spring high tides to aid in the transport of zoea to primary estuaries where
salinities are suitable for development (Epifanio, 1988). Similarly, female tanner crabs form
aggregations and results suggest the crabs take advantage of tidal patterns to enhance larval hatch
(Bradley 2003). It’s possible that American lobsters may choose certain areas to release their
larvae for the same reasons. Previous research has shown aggregations of large mature females
in areas with strong currents (Campbell 1990, Robichaud and Campbell 1991). Additionally,
Goldstein (2012) provided evidence that egg-bearing females may move offshore to hatch their
eggs to aid in transport of larvae to optimal settling grounds. Larval drifters were utilized in that
study to simulate the trajectory of larvae hatched offshore versus inshore. They found evidence
to suggest the offshore trajectories were more suitable for larval survival, as inshore drifters
tended to wash up on shore in short periods of time.

7

All of the aforementioned studies demonstrate the ability of mobile crustaceans to detect
oceanographic factors which might influence the eventual survival of their young and then
migrate to locations where conditions are optimal. In this study I first demonstrated that eggbearing lobsters aggregate in certain areas around the Isles of Shoals (IOS), specifically the east
side of the IOS, which is closer to deep water and has higher currents than the west side.
Additionally, females with early stage eggs tend to inhabit shallow water areas, while those with
eggs that are in the process of hatching are found in deeper water. This led to the hypothesis that
egg-bearing females migrate to these deeper water areas just before their eggs are due to hatch
and in the second chapter of my thesis I used ultrasonic telemetry to confirm this hypothesis.
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CHAPTER 1
DISTIBUTION OF OVIGEROUS AMERICAN LOBSTERS NEAR THE ISLES OF SHOALS,
NEW HAMPSHIRE
Abstract
Aggregations of egg-bearing (ovigerous) American lobsters, Homarus americanus (H.
Milne-Edwards, 1837), have been documented throughout the species range, but it is not clear
why they tend to accumulate in these areas. One such aggregation occurs near the Isles of Shoals
(IOS), New Hampshire, USA. The overall goal of this study was to determine if reproductive
status, depth, temperature and/or current might explain their presence in this area. In 2013 and
2014, research traps were fished at three depth strata (5-15, 16-25 & 26-35 m), on similar
substrates, on both the eastern and western side of the IOS to quantify population demographics.
Traps fished on the eastern side of the IOS caught significantly larger female lobsters and ~3
times more ovigerous lobsters than those on the western side. Interestingly, the catch rate of
females carrying eggs that were hatching was significantly higher in the deep-water stratum (2635 m) compared to shallow areas (5-15 m), when combining data from both sides of the IOS. In
contrast, late stage pre-hatch animals were significantly more abundant in shallow water. Thus, it
appears that female lobsters move to deeper water prior to hatching their eggs, and therefore, we
hypothesize that lobsters accumulate in specific areas, like IOS, to brood their eggs in part
because of their proximity to preferred deep water and high-current hatching locations.

9

Introduction
The commercial harvest of American lobster Homarus americanus (H. Milne-Edwards,
1837) in the United States occurs from Virginia to Maine, and has long been one of the most
valuable single-species fisheries in the country. For example, in 2015 approximately 66,000
metric tons were landed, with an estimated value of 620 million dollars (NOAA 2015). If a
resource of this importance is to be managed as a sustainable fishery it is imperative that regional
populations are closely monitored and that we gain a better understanding of the factors that
influence the distribution of reproductive female lobsters. Protection of egg-bearing lobsters
(EBLs) is at the foundation of the lobster management pyramid (ASMFC 2006, ASMFC 2009,
ASMFC 2015), and as climate change continues to affect the Gulf of Maine ecosystem (Mills et.
al 2013), gaining a better understanding of the factors that influence their distribution is
paramount.
Aggregations of egg-bearing American lobsters have been documented in the spring and
summer throughout the species range, in the waters off Grand Manan, eastern Canada (Campbell
and Pezzack 1986, Campbell 1986, Campbell 1990), around Georges Bank (ASMFC 2015,
Henninger & Carloni 2016) and in specific areas in Southern New England (Glenn et al. 2011).
Factors that may cause reproductive females to aggregate in these regions are still unknown, but
it has been suggested that temperature, currents and/or substrate could play a role (Campbell
1990, Robichaud & Campbell 1991).
Lobsters can detect small changes in water temperature (Jury and Watson 2000) and,
because they prefer certain temperatures and avoid others (Crossin et al. 1998), thermal
gradients have a large influence on their movements and distribution (Cowan et al. 2007,
10

Jury and Watson 2013). It has been suggested that seasonal inshore/offshore movements of
females serve to increase the number of degree days for gonad development and synchronize
their molt/reproductive cycles (Aiken and Waddy 1986, Campbell and Stasko 1986, Waddy
and Aiken 1995, Crossin et al. 1998). It has also been shown that warm water accelerates
development of eggs (Templeman 1940, Pandian 1970, Perkins 1972, Goldstein & Watson
2015), and there is evidence that egg-bearing lobsters are found in shallow water in the
spring, perhaps to provide a sufficient amount of heat units/degree days for egg development
(Campbell 1986, Campbell & Pezzack 1986, Campbell 1990).
One feature that characterizes some of the locations where EBLs aggregate is higher
water currents (Campbell 1990, Robichaud and Campbell 1991), which have also been linked to
aggregations of other decapod crustaceans. For example, dense aggregations of rock lobsters
Jasus edwardsii were observed in several locations around New Zealand where there are strong
tidal water movements, and the authors suggested this may facilitate rapid dispersal of newly
hatched larvae (McKoy & Leachman 1982). Similarly, female Tanner crabs Chionoecetes bairdi
aggregate in areas that may allow them to take advantage of tidal patterns for larval hatch
(Bradley 2003). Though not linked to aggregating behavior, spiny lobsters (Panulirus argus),
Atlantic Blue crabs (Callinectes sapidus) and fiddler crabs also move to areas conducive for
larval survival/dispersal prior to egg hatch (Epifanio 1988, Tankersley 1998, Bertelsen and
Hornbeck 2009). Finally, recently Goldstein and Watson (2015) found that ovigerous lobsters
that moved offshore in the fall did not return inshore in the spring, but remained there until their
eggs hatched. This further suggests that ovigerous lobsters might seek these offshore areas
because they are ideal for larval dispersal, due to the prevailing currents.
11

It has also been suggested that bottom habitat might be a factor influencing the
distribution of EBLs, however it is often very difficult to separate bottom type from water depth.
Lobster population demographics tend to differ based on substrate and geographic location. For
example, in Massachusetts, Glenn et al. (2005) found that sex ratios varied by bottom type and
depth. The mid-water and deep-water areas with complex bottom were dominated by females,
while males dominated the shallow areas with featureless bottom. Sex ratios were close to 1:1 in
the shallow complex, and mid/deep featureless bottom areas. This same study found no
difference in size distribution by bottom type. In contrast, of the five areas Campbell (1990)
sampled, ovigerous lobsters were most abundant in the shallow, sand/clay bottom, location.
Whether egg-bearing American lobsters prefer specific substrates remains unknown, but
substrate has been linked to aggregations of other decapod crustaceans. For example, Stone and
O’Clair (2002) suggested that ovigerous Dungeness crabs aggregated in areas where
unconsolidated fine sand provided a high rate of oxygen exchange for developing eggs.
Data from the New Hampshire Fish and Game Department’s (NHF&G) Lobster Sea
Sampling Program (LSS) has consistently shown a higher proportion of catch comprised of
EBLs at the Isles of Shoals (IOS), compared to other coastal locations (NHF&G 2014).
Furthermore, Goldstein and Watson (2015) recently demonstrated that EBLs migrate to areas
near the IOS and remain there until their eggs hatch, suggesting there is something about this
location that is favorable for egg development, egg hatching and larval survival. This study was
undertaken to quantify lobster population demographics around the Isles of Shoals, with an
overall goal of using the data obtained to identify potential factors, such as temperature, depth
and currents that may influence the distribution and abundance of egg-bearing lobsters.
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Materials and Methods
STUDY AREA:
Data from New Hampshire Fish and Game Department’s (NHF&G) Lobster Sea
Sampling (LSS) Program in 2011 & 2012 were used to determine areas with high concentrations
(aggregations) of egg-bearing lobsters (EBL) within NH State waters. This fisheries-dependent
monitoring program consists of observers sampling catch aboard commercial lobster vessels both
coastal locations and at the Isles of Shoals (for procedures see NHF&G 2015). The abundance
of EBLs was quantified in terms of catch per trap and these data were plotted in ARC View GIS
to determine the spatial distribution and catch rate of EBLs at coastal locations compared to the
Isles of Shoals. Based on these data, we focused our attention on areas around the Isles of Shoals
(IOS), NH for this study (Fig. 1-1). This area is located approximately 10 km off the coast of
NH/ME where depths range from 1 to 45 m. Substrate in the area is quite variable, ranging from
hard bottom (ledge/boulder) to soft bottom (mud/sand).
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Figure 1-1. Map of study area (Isles of Shoals) located approximately 10 km off the coast of
NH, USA. Black arrows depict the general direction of tides/currents in this area of
the Southern Gulf of Maine.

DATA COLLECTION AND EXPERIMENTAL DESIGN:
Research trawls (traps tied to a common line) were then set in 2013 and 2014 with a
specific emphasis on making comparisons between the abundance and sizes of EBLs on the east
vs west sides of the IOS. Previous data collected from LSS Program showed a preponderance of
egg-bearing lobsters on the eastern side of IOS compared to the west and so this study was
designed to test that hypothesis. Three depth strata were chosen, with traps fishing in water that
was 5-15, 16-25 and 26-35 m deep. Within in each depth stratum two sites were sampled, one on
the west side and one on the east side. This translated to a total of six sites, three on the west
side and three on the east side (Fig. 1-2). Trawls were fished at similar depths and on similar
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substrates on both sides of the IOS so that population demographic comparisons could be made
between sites at the same depth. Substrate consisted of complex hard bottom for both shallow
and mid-water strata on both sides, whereas in the deep stratum trawls were set on smooth gravel
bottom due to the scarcity of complex bottom at depths > 30 meters in this area.

Figure 1-2 Location of trawls around the IOS. Black lines depict trawls on the west side and
blue lines depict trawls on the east side. Trawls were fished at similar depths and
substrates on both sides so comparisons could be made. Colors indicate depth
gradient from shallow (1 m) to deep (50+ m): red, yellow, green, light blue and dark
blue.

To ensure that traps were set on similar substrates on both sides of IOS three approaches
were used to determine bottom type. First, bottom type was evaluated using multi-beam data
collected by the University of New Hampshire (UNH) Center for Coastal and Ocean Mapping
(CCOM), with backscatter to help determine substrate. Secondly, a drop camera was used to
visualize the areas where traps would be set. Third, sonar was used to verify traps were, in fact,
set on the intended substrate.
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Trawls were hauled twice a month, on three night soaks, from June through August in
2013 and from May through August in 2014. The bait consisted of approximately 850 grams of
Atlantic herring packed into 30.5 cm mesh bait bags. In 2013 each trawl consisted of two
rectangular traps measuring 90 cm x 47 cm x 35 cm with two main compartments, a kitchen
(where bait was hung) and a parlor; one trap did not have an escape vent (ventless trap) and one
had a 4.9 cm x 12.7 cm escape vent. In 2014, two additional traps were added to each trawl (one
vented and one ventless).
BIOLOGICAL DATA AND TAGGING:
When traps were hauled the carapace length (CL) of each lobster was measured to the
nearest millimeter (mm) with calipers and egg condition was assessed for all ovigerous lobsters.
Eggs were assigned to one of six different stages based upon a modified version of the system
used by Helluy and Beltz (1991), so that we could estimate when they would hatch. Egg staging
also included the determination of eggs that were in the process of hatching, which generally
occurs in this region from June-August. Egg staging also allowed us to better understand if the
depth distribution of EBLs was related to different developmental stages of their eggs. A full
description of the egg staging technique used in this study can be found at
https://www.youtube.com/watch?v=6r6PkSCQ8iU&feature=youtube. To quantify recapture
rates in 2013 all lobsters were banded with color bands around the carpus segment and female
lobsters >70mm were tagged with T-bar style tags. In 2014 all egg-bearing lobsters were tagged.
Less than one percent of the tagged lobsters were recaptured in research traps in both years
combined.
ENVIRONMENTAL DATA:
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Bottom temperature was monitored with Onset HOBO data loggers in both 2013 and
2014 at all sites. Additionally, SeaHorse tilt current meters developed by Sheremet
(http://www.nefsc.noaa.gov/epd/ocean/MainPage/tilt/shtcm.html) were affixed to some traps on
both sides of the IOS in the shallow and mid water strata in 2013.
ADDITIONAL SURVEYS:
Two NHF&G surveys were conducted during a similar time period along the NH coast
by the lead author and fisheries technicians. These surveys were part of the LSS Program and
Random Depth Stratified Ventless Trap Survey (RSVTS). Data from these surveys were used to
corroborate results from IOS research traps with regards to depth related hatching patterns. For
procedures on both coast wide surveys see NHF&G 2015. Only the shallow and deep water
strata were used for IOS Research Traps in this analysis for two reasons: 1) these depths matched
more closely with the depth delineation from the abovementioned surveys and; 2) the mid-water
stratum did not fit with either of the two more extreme depth strata.
DATA ANALYSES:
The main objective of this study was to compare the lobster population demographics
between the west and east side of the IOS and explore potential factors that might lead to these
differences. Comparisons were made between lobsters captured at different depth strata on both
sides and, where appropriate, these data were grouped by side and comparisons were made
between the east and west. Trawls were set up exactly the same (i.e. configuration of traps,
vents, spacing between traps) at each location so comparisons could be made between sites
within years. We used both vented and ventless traps on each trawl to more accurately assess
population demographics, a method similar to the coastwide RSVTS conducted throughout New
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England (ASMFC 2015). These trawls were treated as “units” for the purpose of comparisons
between sites. Although we realize selectivity is different between vented and ventless traps, we
only made comparisons between trawls set up exactly the same with the assumption of equal
catchability between each trawl. Temperatures were similar on both sides of the island within
each depth stratum (see results section 3.5).
Catch rates were analyzed in terms of catch per trap haul (CPTH, which is also referred
to as catch per unit effort, or CPUE), where the total number of lobsters captured in each trawl
was divided by the total number of traps in the trawl. Some analyses were carried out only for
female lobsters ≥83 mm for two reasons: 1) this is the minimum legal size that lobsters may be
harvested inshore in the Gulf of Maine and; 2) because this is the estimated size at which 50% of
animals are sexually mature in this area (Watson et al. 2017).
Where data satisfied normality assumption, Student’s t-test was used to compare
distributions. In cases were data did not meet normality assumption, but had equal variance, a
non-parametric Wilcoxon’s test was conducted. Where data did not meet normality assumption
and had unequal variance, Mood’s Median test was used. A generalized linear model was used
to assess differences in catch rate of egg-bearing lobsters by side and depth which included an
interaction term between both variables. Finally, due to small sample sizes, data from 2013 and
2014 were pooled for the catch rate by egg stage/depth analysis. Prior to pooling, it was
determined that both years showed similar trends and no significant difference existed between
catch rate distributions by year as assessed via Kolmogorov Smirnov test. All data were
analyzed using the statistical software package JMP Pro 12.1.0.
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Results
SIZE DISTRIBUTION:
Based on NHF&G Sea Sampling data, the abundance of EBLs at the IOS was
significantly higher (P<0.05, unpaired t-test) than the coastal location and thus we conducted our
study there (Figure 1-3). A total of 2,295 lobsters were sampled from research traps in 2013
(n=701) and 2014 (n=1594); 1,030 from sites on the east side and 1,265 from the west side.
Overall, lobsters on the east side were significantly larger than those on the west side when
making site to site comparisons within each depth stratum (Fig. 1-4; P<0.05, unpaired t-test).
Females on the east side were significantly larger by depth for both years (Fig. 1-5; P<0.05,
unpaired t-test). The mean CL for males was larger on east side by depth, but generally these
differences were not significant (Fig. 1-5, unpaired t-test). In general, the median CLs of
females carrying eggs, or showing signs of recently hatched eggs, were larger on the east side,
but there was no significant difference (Table 1; Moods Median Test, P>0.05), however, when
combining years and depth strata, lobsters on the east side were significantly larger (P<0.05,
Mood’s Median Test).
Table 1.
Year
2013
2013
2013
2014
2014
2014

Comparison of median size (mm) of females with eggs, or with signs of recently
hatched eggs, by depth stratum and site in 2013 and 2014.
Depth
Stratum
Shallow
Mid
Deep
Shallow
Mid
Deep

Site

n

East
East
East
East
East
East

11
16
14
48
50
43

Median Location
79.0
92.0
84.0
81.0
83.5
83.0

West
West
West
West
West
West
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N

Median

6
10
6
15
17
11

80.0
83.5
81.5
81.0
81.0
80.0

Pvalue
P>0.05
P>0.05
P>0.05
P>0.05
P>0.05
P>0.05

Figure 1-3. Catch per trap haul comparison of two NHF&G Sea Sampling locations by year.
Means here, and in subsequent figures, are expressed as ± SEM and asterisks (*)
denote a statistically significant difference (P<0.05).

Figure 1-4. Mean carapace length (mm) of lobsters sampled from research traps at the Isles of
Shoals in (A) 2013 and (B) 2014. Sample size (n) for all sites is >75.
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Figure 1-5. Mean carapace length (mm) of female (top) and male (bottom) lobsters sampled
from research traps at Isles of Shoals in (A) & (C) 2013 and (B) & (D) 2014. Sample
size of females (n) for all sites is >50, while sample size for males for all sites is ≥19
in 2013 and ≥45 in 2014.
PERCENTAGES:
Sex ratios were female skewed on the east side in each depth stratum for both years (Fig.
1-6). The sex ratio for all lobsters in 2013 on the east side was 69% female compared to 54% on
the west side. Similarly, the sex ratio was higher in 2014 on the east side (72% female)
compared to the west (56%). The greatest disparity in sex ratio between the two sides was for
lobsters ≥ 83 mm CL. From 2013-2014, 78-84% of lobsters (≥ 83 mm CL) were female on the
east side vs 36-42% on the west side.
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Figure 1-6. Comparison of sex ratios (% female) between the east and west side of the Isles of
Shoals for lobsters sampled in (A) 2013 and (B) 2014, from three different depth
strata (shallow, mid & deep), as well as all strata combined. There were a higher
percentage of females captured on the east side in each depth stratum for both 2013
and 2014.

CATCH:
There were no significant differences in the catch rates of female lobsters by depth
stratum in either year (Fig. 1-7). There was, however, a significantly higher catch rate of females
≥ 83 mm CL on the east side in the deep water stratum in 2013 and for all three strata in 2014
(P<0.05, Wilcoxon). Additionally, the catch rate of EBLs was 3.2 times higher on the east side.
A generalized linear model was constructed using depth (shallow, mid & deep), side (east/west)
and interactions (side & depth) as effects and CPTH as a response variable for EBLs in both
years. Side was shown to be significant and depth was not significant; indicating catch rates of
EBL were generally lower and uniform by depth on the west side and higher and uniform by
depth on the east side (Fig. 8; GLM, P<0.05). Furthermore, there was no significant difference
between the catch rates of all egg stages combined by depth on the east or west side (P<0.05,
unpaired t-test).
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Figure 1-7. Catch rate comparison of female lobsters sampled from research traps at Isles of
Shoals in (A) & (C) 2013 and (B) & (D) 2014. Top is all females and bottom graphs
are just legal females (≥ 83mm CL).

Figure 1-8. Generalized linear model illustrating that catch rates of EBLs on the east side of IOS
were relatively high and uniform by depth compared to the west side where catch
rates are low and uniform. The significant term effecting catch per trap haul in the
GLM was side, P<0.05.
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CATCH OF LATE STAGE PRE-HATCH EGGS VS EGGS IN PROCESS OF BEING
HATCHED:
Mean CPTH of EBL in the process of hatching eggs and those with late-stage pre-hatch
eggs varied by depth. The CPTH for pre-hatch lobsters was significantly higher in the shallow
depth stratum (both sides combined) compared to the deep water stratum (Fig. 1-9, Wilcoxon,
P<0.05). In contrast, the CPTH of EBLs in the process of hatching eggs was significantly higher
in deep water (both sides combined) compared to shallow (Fig. 1-9, Wilcoxon, P<0.05). A
similar pattern was observed for the NHF&G’s LSS Program (shallow <21 m, deep >21 m) and
for the NHF&G’s RSVTS (Shallow=<20vm, Deep >40 m). LSS Program data yielded a
significantly higher catch rate of pre-hatch lobsters in shallow water and a significantly higher
catch rate of hatching lobsters in deep water (Fig. 1-9, Wilcoxon, P<0.05 ). The RSVTS data also
showed a higher catch rate of pre-hatch EBLs in shallow water, but the difference wasn’t
significant (Wilcoxon, p>0.05). Finally, the catch rate of EBLs in the process of hatching from
the RSVTS was ~16 times higher in deep water (Fig. 9, Wilcoxon, P<0.05). These data, taken
together, suggest that lobsters carrying eggs that are about to hatch move to deeper water.
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Figure 1-9. Catch rate of pre-hatch late stage egg-bearing lobsters (top) and egg-bearing lobsters
in the process of hatching eggs (bottom) by depth and sampling method. Catch rates
of pre-hatch lobsters were higher in shallow water, while catch rates of lobsters in
the process of hatching eggs were significantly higher in the deep water with all
three sampling methods.

25

ENVIRONMENTAL DATA:
Mean water temperatures (0C) in the shallow and mid-depth strata were similar on both
sides of IOS (shallow: east =11.7 ± 0.94, west= 11.3 ± 0.10; mid-depth stratum: east =9.9 ±
0.11, west= 9.8 ± 0.07). In the deep water stratum the average for the east side was 1 0C colder
than the west (east =8.4 ± 0.07, west= 9.4 ± 0.07). However, current speeds (cm/s) were
generally stronger and more variable on the east side of the IOS for both the shallow and middepth strata (Fig. 1-10). These data indicate the currents, rather than water temperatures showed
a greater disparity between the east and west sides of IOS and thus might have a larger impact on
the distribution of females.

Figure 1-10.

Currents (cm/s) at the shallow and mid-water strata on both sides of the Isles of
Shoals in 2013. The sites on the eastern side of the IOS are depicted in black; the
gray lines represent the sites on the west. Generally current speeds on the east
side are higher and more variable than on the west side.
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Discussion
Results from this study demonstrate differences between lobster population
demographics on the east and west side of the Isles of Shoals. Females, but not males were
significantly larger on the east side for all three depth strata, and a higher percentage of lobsters
on the east side were female. This disparity in sex ratios was particularly compelling for lobsters
≥83 mm CL, that made up 78-84% of the sampled population on the east side in 2013 and 2014,
respectively. The most recent estimates of size at maturity in this area show that ~50% of
females are mature at 83 mm CL (Watson et al. 2017). In addition, egg-bearing lobsters were
significantly more abundant on the east side in all three depth strata. These data, taken together,
suggest that differences in the spatial distribution of female lobsters near the IOS are likely to be
related to sexual maturity and reproduction.
Past studies have shown a similar pattern in the distribution of egg-bearing lobsters.
Specifically, Campbell (1990) found that a specific area around Grand Manan, Canada had a
higher abundance of egg-bearing lobsters. He theorized that lobsters may aggregate in shallow
water due to warmer temperatures and/or to be near currents that may aid in larval dispersion
during egg hatch. In our study we differentiated between females carrying eggs that were prehatch, but would hatch that season, and those carrying eggs that were in the process of hatching.
This allowed us to determine catch rates associated with both developmental stages. We found
that females carrying late-stage pre-hatch eggs were significantly more abundant in shallow
water compared to the deep water when combining data from both sides of the IOS. These
shallow areas were also on average 2 to 3oC warmer than the deeper locations. Therefore, these
data are consistent with Campbell’s hypothesis that egg-bearing females prefer areas that are
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warmer in the spring/summer (Campbell 1986, 1990). This preference for warmer water is likely
related to the fact that warm water, especially water that is rapidly warming in the spring (i.e.
March-May), accelerates egg development (Goldstein and Watson 2015) and therefore lobsters
move to these areas in the spring to take advantage of the thermal properties.
Temperature appears to explain some of the disparity between the abundance of latestage pre-hatch egg-bearing lobsters in the shallow water areas compared to deep areas, however,
since water temperatures at each depth stratum were similar between the two sides of the IOS,
thermal differences do not explain the disparity in sex ratios and catch rates of EBLs between the
two sides of the IOS. Our data showed a higher abundance of EBL on the east side, which is also
the side that is closer to deep water. As mentioned above, our results support the generally
accepted paradigm that EBLs are found in warm shallow water in the spring, potentially to
accelerate development of their embryos. However, unlike previous research on this topic, we
found that females in the process of hatching eggs were significantly more abundant in the deep
stratum compared to the shallow water stratum, suggesting they might move there just prior to
hatching. This, to our knowledge, is the first study to provide evidence of movement to deep
water around the time eggs hatch. The seasonal reproductive movements inferred from our study
suggest movement to warm shallow water in the spring to brood eggs, followed by movement
back to deep water prior to hatching eggs. To accomplish both of these biological migrations, a
shoal area with steep bathymetry located offshore may be ideal. Although the entire IOS have
these general characteristics, when comparing bathymetry of the east location to the west, the
east is closer to deep water (Fig. 1-2) and would presumably allow lobsters to undertake these
seasonal migrations with the least amount of energy expenditure. Similar aggregations have
been documented in offshore shoal areas throughout the Gulf of Maine and Georges Bank
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(Campbell and Pezzack 1986, Campbell 1986, Campbell 1990, Henninger & Carloni 2016),
underlining the importance of these areas to female reproduction.
Our current hypothesis is that female lobsters move from shallow to deep water just prior
to hatching their eggs which may provide an optimal location for larval dispersal and survival.
The data supporting this hypothesis are as follows: First, pre-hatch egg-bearings lobsters are
more common in the shallow water, but significantly more females in the process of hatching
eggs were captured in the deep water areas, which we do not feel can be attributed to differences
in catchability by temperature or substrate as we found no significant difference in catch rate by
depth for all egg stages combined. Second, in both the LSS Program and RSVTS, lobsters in the
process of hatching eggs were significantly more abundant in the deep water compared to the
shallow areas. Finally, preliminary acoustic tracking data with EBLs in the same area indicate
that the majority of the animals tagged moved from shallow to deep water before their eggs
began to hatch (Carloni et al 2018). While past research has suggested ovigerous lobsters take
part in rapid movement after their eggs have already hatched (Jarvis 1989, Watson and Howell
1999), this is the first study with American lobsters indicating that females move to different
areas just before eggs hatch.
Previously it has been suggested that ovigerous females seek out places with high
currents that would aid in larval dispersal (Campbell 1990, Robichaud and Campbell 1991,
Goldstein and Watson 2015), which appears to be the case in some other decapod crustaceans as
well (Epifanio 1988, Tankersley 1998, Bertelsen and Hornbeck 2009). Currents in the western
GOM are dominated by the Western Maine Coastal Current (WMCC), which tends to move in
the southwest direction (Fig. 1). The west location in our study sits behind Appledore Island and
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may not be as exposed to the dominant currents in the area due to local bathymetry; which was
substantiated by our current measurements in 2013. Thus, the stronger currents on the east side
of the IOS may be attractive to lobsters, because if eggs were to hatch there, the larvae would
more likely be exposed to the strong prevailing southwest currents, which would carry them
parallel to the coast towards Massachusetts.
Goldstein and Watson (2015) found that American lobsters that moved offshore near the
Isles of Shoals in the fall, stayed offshore through the time the eggs were assumed to hatch and
suggested that the survival and eventual settlement of larval lobsters would be enhanced in areas
away from shore, due to prevailing currents. Additional evidence for this hypothesis may be
found in the Gulf of Maine Coastal Current (GMCC) which is centered along the 100 meter
isobath and extends to within 10 km of the coast (Churchill et al. 2005). Eggs hatched closer to
shore and farther away from this predominant current are projected to provide more of a local
source of recruitment than those hatched farther offshore within the coastal current (Incze and
Naimie 2000, Incze et al. 2010). The benefits of dispersal farther away from parent stock for this
species are unknown at this time; however this current may simply provide larvae with a lower
likelihood of stranding on the shoreline. Though passive drifters likely oversimplify larval
transport dynamics, some general observations are worth noting: Drifters released near the IOS
showed general trajectories to the southwest along the shore, eventually reaching areas that are
presumably good for settlement after ~30 days, whereas those released near shore were often
transported towards the coastline (Goldstein 2012).
It is also possible eggs hatched offshore closer to the GMCC may encounter a higher
abundance of food for larval development. It has been proposed that the GMCC is the main
30

transport of Calanus finmarchicus (Runge et al. 2015), a food source which has recently been
linked to lobster postlarval abundance in the area (Carloni et al. in press). The abundance of this
potential food source decreases closer to shore (Runge et al. 2012). So it may be beneficial to
hatch larvae in closer proximity to this predominant current not only for optimal dispersal, but
also for a consistent source of food. In the laboratory, larval lobster survival and rate of
development to the postlarval stage has been reported to be strongly linked to food quality and
quantity (Eagles et al. 1986). The function of this observed movement to deep water certainly
requires additional research, but our data suggest that prevailing currents may have an effect on
where and when lobsters brood their eggs, and where they are located when their eggs hatch.
This, in turn, most likely has a strong influence on larval dispersal, survival and settlement.
Taken together these data provide evidence that egg-bearing lobsters aggregate in certain
areas and that currents and proximity to deep water may play a role in their distribution.
Additionally, our data demonstrate that some ovigerous American lobsters move to deeper water
just before their eggs hatch. Based upon these data and past studies, we believe these
movements may provide optimal conditions for larval survival and dispersal. However, it is
possible that egg-bearing lobsters hatch their eggs in deeper water to avoid rocky shoal areas
that harbor finfish predators such as cunner, which are known to feed on early stage larvae
(Herrick 1895). Alternatively, since stage I larvae are not very mobile and thus may be more
vulnerable to predators, it may be beneficial to release them in deep water to give them more
time to develop before eventually making it to warmer surface waters where a higher abundance
of visual predators exist. Research is currently underway to both determine the adaptive
significance of these movements and the environmental cues that guide these migrations.
31

CHAPTER 2
MOVEMENT AND ACTIVITY PATTERNS OF ACOUSTICALLY-MONITORED EGGBEARING AMERICAN LOBSTERS AT THE ISLES OF SHOALS, NEW HAMPSHIRE
Abstract
Extensive research has been conducted on egg-bearing (ovigerous) American lobsters
over the past several decades, and, it has generally been accepted that these animals move from
deep offshore areas to shallow water in the spring to brood and hatch eggs. In Chapter 1, we
found evidence that indeed, pre-hatch ovigerous lobsters were more common in shallow water;
however, surprisingly we found females in the process of hatching eggs were more common in
deeper (>30 m) areas. In 2016 and 2017 we monitored a total of 12 egg-bearing lobsters
(AvgCL=96.2) with acoustic transmitters during the late-stage brooding and hatching season to
test the hypothesis that these lobsters move to deeper water prior to hatching their eggs. We
found that 92% of lobsters (n=11) moved to deeper water prior to the time their eggs were
estimated to hatch. Of these, 25% hatched eggs within the array, while 67% left the array
generally in a south southwesterly direction towards deep water. Results from Chapter 1 and
Chapter 2 taken together, suggest that egg-bearing lobsters move to deep water prior to hatch
which may be beneficial for dispersal and survival of hatched larvae .
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Introduction
In the U.S., American lobster Homarus americanus (H. Milne-Edwards, 1837) is
managed by the Atlantic States Marine Fisheries Commission (ASMFC) in cooperation with
both state and federal agencies. Protection of egg-bearing lobsters (EBLs) has long been an
effective management strategy (ASMFC 2006, 2009, 2015, Lebris et al. 2018) and although
there has been extensive research conducted on this segment of the population (Saila and
Flowers 1968, Campbell 1986, Waddy and Aiken 1995, Estrella and Morrissey 1997, Watson et
al. 1999, Cowan et al. 2007, Goldstein and Watson 2015a), little is known about their activity
and movement around the time of egg hatch. The location of these individuals during this critical
period determines the release point of stage I larvae, and thus, directly affects the eventual area
where postlarvae will settle. Furthermore, as climate change continues to affect the Gulf of
Maine ecosystem (Mills et. al 2013), gaining a better understanding of these movements is
critical to determining how larval dynamics and recruitment could change under different climate
scenarios.
Results from passive tagging studies have demonstrated shallow-to-deep water
migrations, with recaptures in warmer shallow water during the egg development/hatching
season and deep water in colder months when both activity and egg development rates are low
(Uzmann 1977, Campbell 1986, Steneck 2000). It has been hypothesized that these movements
serve to increase the number of degree-days for embryo development (Templeman 1940,
Uzmann 1977, Perkins 1972, Talbot and Helluy 1995). Collectively, these findings set the stage
for the widely accepted paradigm of offshore-onshore migration patterns, which in turn implies
that a majority of larvae for coastal populations are released inside the 50 m isobath near the
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coastline (Incze et al. 2010). Bio-physical modeling and drifter studies have demonstrated the
location where eggs hatch can significantly affect the eventual location of postlarval settlement.
Eggs hatched offshore are transported farther away from parent stock than those hatched closer
to the shoreline (Inzce and Naimie 2000, Incze et al. 2010, Goldstein 2012).
In a study conducted close to this study’s work, Goldstein and Watson (2015a) found that
American lobsters that moved offshore near the Isles of Shoals, NH in the fall, stayed offshore
through the time their eggs were presumed to hatch. This study theorized that the survival and
eventual settlement of larval lobsters would be enhanced in areas away from shore, due to
prevailing surface water currents. More recently, Carloni and Watson (2018) found high
densities of egg-bearing lobsters near the Isles of Shoals (a group of Islands located 7 km from
the NH coast, Chapter-1), and a higher abundance of these egg-bearing females on the eastern
side of the islands, in close proximity to deep water and associated strong coastal currents.
Moreover, they found that pre-hatch egg-bearing lobsters were more common in shallow water,
but significantly more females in the process of hatching eggs were captured in deep areas,
suggesting movement to deep water prior to hatch. Taken together, these findings suggest that
American lobsters might undertake a reproductive migration just prior to when their eggs would
hatch. This likely has an influence on larval transport dynamics because larvae are hatched in
deep areas near prevailing currents.
It has been demonstrated that other species of marine decapod crustaceans migrate to
areas favorable for larval survival and transport. For instance, spiny lobsters migrate to fore
reefs to hatch eggs and move back to the same patch reef after their eggs have hatched (Bertelsen
and Hornbeck, 2009). Atlantic blue crabs (Callinectes sapidus) mate in low salinity areas of
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estuaries and then females migrate towards the lower- estuary (i.e., tidal creek mouths) where
eggs hatch and are transported into higher salinity areas which are required for metamorphosis
into the megalopae stage (Tankersley, 1998). Additionally, fiddler crabs release their larvae at
spring high tides to aid in the transport of zoea primarily into estuaries where salinities are
sufficient for development (Epifanio, 1988). Thus, it is well documented that some decapod
crustaceans display directed movements to areas favorable for larval dispersal, development, and
survival. Furthermore, evidence is mounting that the same may be true for the American lobster
(Campbell 1990, Goldstein and Watson 2015a, Carloni and Watson 2018). The main goal of this
study was to more rigorously test this hypothesis by using ultrasonic telemetry to track the
movements of late-egg stage berried females before, during, and after the time when their eggs
hatch.
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Methods
STUDY SITE:
Based upon results from Carloni and Watson (2018), this study was conducted on the
eastern side of the Isles of Shoals, NH (Figure 2-1). This is a group of Islands located ~ 10 km
from the NH coast, near the 50 meter isobath. The bathymetry in this area changes abruptly with
depths ranging from 1 to 50 meters and is comprised of rocky reef complex and a mixture of
gravel, sand and other fine sediments. Currents in this area are dominated by the Gulf of Maine
Coastal Current (GMCC) which flows in a southwesterly direction, is centered on the 100 meter
isobath and extends to within ~10 km of shore (Churchill 2005).

Figure 2-1. Map of study area (Isles of Shoals) located approximately 10 kilometers off the coast
of NH, USA. Black arrows depict the general direction of currents in this area of the
Southern Gulf of Maine.
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ACOUSTIC TAGGING:
Egg-bearing lobsters were caught using standard lobster traps (dimensions= 40” x 21” x
16”, single parlor) fished at a depth of 14 m. Upon capture, lobsters were held onboard a
research vessel at ambient water temperatures in a live-well for less than thirty minutes until they
were fitted with acoustic transmitters.
Lobsters were fitted with Vemco V13AP coded tags (69kHz, 13mm diameter, 36 mm
long, 6 g in water, VEMCO AMIRIX Systems), which recorded both pressure (depth in meters)
and acceleration (activity, m/s-2). VEMCO accelerometers output a digital value that represents
an average level of activity over a sampling period in units of m/s -2 (m/s-2=

).

Immediately after the V13AP tag transmits depth, the tag begins sampling raw acceleration data
from each of the XYZ axes at 10Hz for a period of 27 seconds and outputs an average level of
activity; this was conducted on 90 second intervals. Ultrasonic tags were secured as described in
Goldstein & Watson (2015), with special care given to placement of each tag in a consistent
location and orientation on each lobster. Additionally, disk tags were attached dorsally to each
lobster with text that read, “please release” with contact information for fishermen to report
recapture information. The entire tagging process took 3-5 minutes and lobsters were placed
back into the live well after tagging.
Eggs were visually inspected and staged in the field based upon a modified version of the
system used by Helluy & Beltz (1991), which is described in detail at
https://www.youtube.com/watch?v=6r6PkSCQ8iU&feature=youtube. We conducted the visual
inspection to ensure eggs were in a late developmental stage and would hatch within the current
year. Additionally, a small sample (20-25 eggs) was removed from each clutch and placed in a
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2.0 ml tube containing 4% formalin-seawater fixative for later determination of a more precise
estimate of hatch time, based on the Perkins Egg Index (Perkins 1972). Morrissey (2016) found
no difference between actual and predicted weekly hatch times for lobsters kept in the lab.
Once all animals had been tagged, we placed them into a volitional cage with an opening
at one end and lowered it to the sea floor at the original location of capture (14 m). The depth of
release was verified via data from the acoustic telemetry array.
ENVIRONMENTAL DATA:
Bottom temperature and light were monitored with Onset HOBO data loggers in both
2016 and 2017 to provide a sense of the difference between shallow (14 m) and deep water (37
m) in the area. Additionally, daily mean wave height was downloaded from NERACOOS buoy
BO1 (http://www.neracoos.org/datatools/realtime/all_data) on the Western Maine Shelf to
identify potential storm events that could possibly promote movement of lobsters to deep water.
ARRAY DESIGN:
Prior to tagging, five omni-directional VR2W (VEMCO AMIRIX System) acoustic
receivers were placed at varying depths throughout the study area. Receivers were placed
approximately 400 meters apart and moored to the bottom via lobster traps weighted with lead
bricks. Each receiver was attached to the buoy line via a gangion (short piece of rope) with a 23
cm trawl float which kept the receiver upright ~3 m off the bottom. Receivers recorded tag
number, depth (m), mean acceleration (m/s-2), date and time to the nearest second.
DATA PROCESSING:
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Accelerometry-Accelerometer readings were averaged for each hour (0:00-23:00). Based
on Jury et al. (2018) and results from this study, levels of activity below a threshold of 0.2 m/s -2
were determined to indicate limited movement, such as shifting around inside of a shelter or
grooming activity. We did not remove these data from our analysis as they represent a form of
activity and are part of the distribution of values; however, in activity plots 0.2 (m/s -2) was
identified to indicate limited activity (Jury et al., 2018). To determine if these lobsters were more
active at night than during the day, we first determined the number of hours of light and dark,
based on sunrise and sunset times (https://www.weather.gov/mrx/sr_ss), and then ran a nonparametric Wilcoxon’s test for significance at the alpha 0.05 level between the two factors. We
used Wilcoxon’s test as data didn’t satisfy normality assumption based upon Shapiro-Wilk test.
Additionally, we used the HOBO light logger (lumens/ft 2) to provide an index of light intensity,
expressed as an hourly mean from 6/16/2016-7/20/2016.
Depth- The average depth for each lobster during each day was and plotting to visualize
if lobsters changed depth before, during or after their eggs were about to hatch. To determine
change in depth, the daily mean depth before and after lobsters initiated movement to deep water
was analyzed to determine rate of change in terms of percent.
Lobster positions-Average hourly positions were calculated for each lobster based upon
an algorithm developed by Simpfendorfer et al. (2002). These estimated positions were
determined based on the probability that a single omni-directional receiver will log a transmitter
given the distance between the transmitter and the receiver, using the equation below. Note, this
was done for each receiver and the example just shows a computation for two different receivers.
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Assumptions:
1) The method assumes all receivers are detecting transmitters equally well, even though
receivers can experience different conditions which can impact receiver performance.
2) Transmitter collisions can also bias data. This is a concern if there are a large number of
tags present around one receiver for a given period of time.
3) It is assumed that all transmitters have a clear line of sight to receivers, so any transmitter
being shadowed will result in a bias.
We used this method to estimate general paths of movement of individuals as they left the array
to determine direction of travel, as well as, to estimate the area where lobsters were located when
their eggs hatched.
Environmental Data- A series of Student’s t-tests were used to compare distributions of
both temperature (0C) and light intensity (lumens/ft2) between shallow water (14 m) and deep
water (37 m).
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Results
DAILY PATTERNS OF ACTIVITY:
Acoustic tags were affixed to egg-bearing lobsters in June of 2016 (n=7) and June of
2017 (n=5). Lobsters ranged in size from 78 to 126 mm with a mean of 96.2 ± 5.0. Individuals
were detected within the array for an average of 53.4 ± 16.6 days. There was a significant
(P<0.05) difference in mean activity (m/s-2) between day and night time hours for all 12 tagged
lobsters, with all animals expressing a clear nocturnal pattern of behavior, with minimal activity
from 06:00 to 19:00 during higher levels of light (lumen/ft 2), followed by increased activity from
20:00 to 05:00 during lower levels of light (Fig. 2-2). Peaks in activity were consistent for all
monitored animals and occurred just after sunset at either 21:00 or 22:00 hrs. The daily mean
distance traveled (km) for all lobsters was 0.39 ± 0.04 km (range: 0.17-0.66).

Figure 2-2. The nocturnal pattern of activity expressed by one berried female from 6/17/167/4/16. Red line indicates light levels (lumen/ft2) at 14 m. All tagged lobsters
showed this same general pattern of increased activity at night. Acceleration values
below 0.2 m/s-2 are likely indicative of very low levels of activity such as grooming
or movement within a shelter, as established by Jury et al. (2018).
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DEPTH RELATED MOVEMENTS:
Eleven of the 12 individuals monitored (92%) moved to deeper water (>29 m) prior to the
time their eggs were estimated to hatch. The other animal stayed in shallow water at a depth of ~
15 m. Two basic patterns emerged for the lobsters that moved to deeper water prior to egg
hatch: 1) Eight (73%) lobsters stayed in shallow water for a period of time after release and then
moved to deep water prior to the time of estimated egg hatch (Fig. 2-3A); and 2) Three lobsters
(27%) moved to deeper water less than 24 hrs after they were tagged, then moved back to
shallow water before eventually moving deep again prior to the estimated time of hatch (Fig. 23B).
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A)

B)

Figure 2-3. (A) Example of a lobster that remained in shallow water for a period of time after
tagging, before moving to deep water prior to the time of estimated egg hatch
(7/14/16). Standard error for all daily depth estimates <0.1m and (B), depth profile
for one of the three lobsters that immediately moved to deep water after being
tagged, then back to shallow and then to deep water prior to the estimated time of
egg hatch (8/19/2017). Standard error for all daily depth estimates <0.6 m.
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All lobsters initiated deep water movements at night between 21:00 and 01:00, and a
majority of them (82%) started their migrations just after sunset, between 21:00 and 22:00 (Fig.
2-4). Lobsters displayed a mean descent of 17 ± 1.7 m during deep water movements which took
between 1 and 11 days. Lobsters with eggs estimated to hatch within 3 weeks of tagging (n=5),
moved to deep water earlier than those with eggs estimated to hatch later in the season (> 3
weeks, n=6).

Figure 2-4. The relationship between activity and movement to deep water by one egg-bearing
lobster between 6/30-7/1 2017.

HATCHING LOCATIONS:
Eight lobsters (67%) moved to deep water and then continued to towards even deeper
water before eventually leaving the array before the time their eggs were estimated to hatch (Fig.
2-5). These lobsters initiated movement to deep water 15.5 ± 2.5 days before estimated hatch,
and left the array 12 ± 2.3 days before estimated hatch. A majority of lobsters left the array to
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the southeast, south or southwest (n=6), and two left in a northeasterly direction. Three lobsters
(25%) stayed within the array at depths of 30-40 meters for an average of 4.3 ± 2.3 days during
the time we estimated their eggs would hatch before moving out of the array (n=2) or back to
shallow water (n=1). Lobsters that hatched eggs within the array continued to exhibit nocturnal
activity patterns. These animals initiated their movements to deeper water 7 ± 4.0 days before
their estimated hatch time (Fig. 2-6).

Figure 2-5.

The general path and depth profile for a lobster (CL=X, tag date:Y) that moved to
deep water and left the array before the estimated time of egg hatch. The majority
of these lobsters left in a southeast, south or southwest direction.
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Figure 2-6. The path and depth profile of a lobster that moved to deep water and hatched eggs
within the array. All lobsters that displayed deep water movement and stayed within
the array were at a depth of 29-40 meters when their eggs hatched.

ENVIRONMENTAL DATA:
Both temperature and light levels varied by depth during the egg brooding and hatching
period. There was a significant difference in both water temperature and light intensity between
14 and 37 m (P<0.05, unpaired t-test). The mean temperature at 14 m was 11.4 ± 0.16 0C, while
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the mean at 37 m was 7.7 ± 0.12. Mean light intensity (lumens/ft 2) in shallow water was 16.3 ±
1.6, while the mean in deep water was 0.13 ± 0.02. Wave height varied between 0.28 and 1.17 m
during the 2016 season and between 0.31 and 1.95 during the 2017 season.
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Discussion
The ability to monitor the depth, activity, and spatial movement patterns of egg-bearing
lobsters during the late-stage brooding and hatching period has provided new insight into the
behavior of this consequential life-stage of the American lobster. In a previous study (Chapter 1;
Carloni and Watson, 2018) we found that female lobsters with late-stage eggs were abundant in
the shallow waters around the IOS, but those with eggs in the process of hatching were more
abundant in deeper water (> 30 m). This led us to conclude that ovigerous lobsters close to hatch
were about to hatch moved to deeper water. The telemetry data presented in this Chapter
supports that hypothesis. For example, 92% (n=11) of monitored animals displayed movements
to deep water prior to the time their eggs were estimated to hatch. Although we don’t know the
exact location where all of these animals were located when their eggs hatched, the following
provide evidence that they were likely in deep water: 1) All but one lobster moved to deep water
prior to the estimated time of hatch and those that left the array were moving towards even
deeper water, and 2) lobsters with eggs estimated to hatch earlier in the season displayed deep
water movement prior to those estimated to hatch later in the season.
Our results, in concert with previous work (Goldstein and Watson 2015, Carloni and
Watson 2018) provide strong evidence that American lobster eggs are primarily hatched in deep
water in this region. These deep offshore areas are significantly colder, and darker, and the
predominant coastal current is stronger (Churchill et al. 2005), and at the present time, it is not
clear which of these abiotic factors guide the movements of female lobsters and if they promote
the survival and distribution of the larvae. Lab-based studies provide evidence that low light
levels and temperatures similar to those observed in deep water around the Isles of Shoals would
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not hinder survival rates of newly hatched larvae (Templeman 1936, MacKenzie 1988), but they
also would not aide in development. Thus, is seems most likely that these offshore areas may
provide an ideal location for larval dispersal and survival due to the predominant coastal current.
The Gulf of Maine Coastal Current (GMCC) is centered along the 100 meter isobath and
extends to within 10 km of the coast (Churchill et al. 2005). It has been demonstrated that this
current affects the transport of larvae; and eggs hatched inside the shoreward edge displayed
different trajectories than those hatched within the current (Incze and Naimie 2000, Incze et al.
2010, Goldstein 2012). It may be beneficial for larvae to develop within this current for two
reasons. First, there is a more consistent flow that would transport larvae parallel to, rather than
towards, the coast (Incze and Naimie 2000, Goldstein Watson 2015). Secondly, there is
relatively higher abundance of copepods (C. finmarchicus, Runge 2012), a potentially important
food source for larval development (Carloni et al. 2018). Offshore deep water movements
therefore may be beneficial to the survival and development of larvae to the postlarva stage,
however, a majority of postlarvae settle near the coast in warmer water in shallow waters (Wahle
et al. 2013). Therefore, the transport dynamics from offshore areas to traditional nursery habitats
should also be considered.
In Southern New England, Katz et al. (1994) found a higher abundance of earlier stage
larvae in offshore areas (up to 150 km offshore), but more mature larvae closer to shore,
suggesting eggs hatched farther offshore recruit to inshore shallow waters. An empirical
trajectory model showed that passive drift of these larvae alone was not sufficient for these
offshore populations to recruit inshore, however, when incorporating the swimming speed of
postlarvae, recruitment to inshore coastal waters was plausible. These results applied to the Gulf
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of Maine, suggest that with the predominant southwesterly winds and swimming speed of
postlava (10-18 cm/s-1), eggs hatched offshore could recruit to known coastal nursery habitats.
There is mounting evidence that American lobsters migrate to deeper offshore areas prior
to hatching their eggs, which may be a novel finding for this species, but is a well-known
behavior for certain species of spiny lobsters (Peacock 1974, Olsen et al. 1975, Allsopp 1968,
Davis 1977, Kanciruk and Herrnkind 1976). It has also been hypothesized that movements of
spiny lobster to offshore areas enhances survival of larvae due to favorable offshore conditions
where coastal currents/fronts play a large role in the recruitment process due to both their
proximity to shore and the availability of food (Phillips and McWilliam 2009). Additionally,
ovigerous blue crabs (Callinectes sapidus) display directed movements to mouths of estuaries
and bays, which allow zoeae to utilize offshore currents and avoid osmotic stress and predators
(Forward et al. 2003). Though the life history of American lobster is different from these
species, there does appear to be several parallels between the abovementioned studies and results
from our work. Additional research on the cues that guide the movements of American lobster,
and the spatial distribution of larvae and their potential food sources would increase our
understanding of these deep water migrations and their implications on recruitment processes.
Fitting lobsters with accelerometers made it possible to determine when they were most
active. While it has been demonstrated that American lobsters are generally nocturnal (Cobb
1969, Ennis 1984, Jury et al. 2005), the only rigorous study of the daily rhythms of lobsters in
their natural habitat was carried out by Golet et al. (2006). To our knowledge daily activity
patterns for egg-bearing lobsters in situ have not been documented, until the present. All lobsters
in our study displayed clear nocturnal behavioral patterns, even when they were in deeper,
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darker, water and even around the time when their eggs were due to hatch. Furthermore, when
we used the system developed by Jury et al. (2018) to convert accelerometer data to distance
traveled; the results obtained were consistent with previous studies in the laboratory and in the
field. In general, lobsters moved between 200-400 meters in a day, with the greatest activity
occurring just after sunset.
In summary, a large majority (92%) of egg-bearing lobsters tagged in our study moved to
deeper water prior to the time their eggs hatched. Taken together with results from Chapter 1,
the Isles of Shoals appears to provide a favorable area for egg-bearing females to aggregate due
to the proximity of this location to warm water for egg development and deep offshore water for
hatching their eggs. These directed movements likely serve to provide an ideal location for
hatching eggs for both survival and dispersal of their larvae. The cues that lobsters are using to
guide their movements to these areas are unknown; however, light, temperature, and currents
may play an important role. Additionally, it has been shown that Caribbean spiny lobsters may
use chemical cues which trigger behaviors that synchronize larval release (Ziegler and Forward
2007), similar cues could be involved in American lobster egg development which could also
potentially trigger deep water movements. Research is currently underway to better understand
these cues as well as the biological implications of hatching eggs offshore in deep water.
Summary/Future Direction/Management Implications
Below is a summary of the findings from this study, as well as recommendations for
future research. Additionally, I discuss the implications this work may have on the management
of this species.
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Summary of Findings:


Traps fished on the eastern side of the IOS caught significantly larger female lobsters and
~3 times more egg-bearing lobsters than those on the western side.



The catch rate of females carrying eggs that were hatching was significantly higher in the
deep-water stratum (26-35 m) compared to shallow areas (5-15 m), when combining data
from both sides of the IOS. In contrast, late stage pre-hatch animals were significantly
more abundant in shallow water.



Ninety two percent of acoustically monitored lobsters moved to deep water prior to the
time their eggs were estimated to hatch. Of these, 25% hatched eggs within the array,
while 67% left the array generally in a south southwesterly direction towards deep water.



Results from Chapters 1 and 2 provide evidence that certain areas around the IOS are
more attractive to egg-bearing lobsters and that currents and proximity to deep water may
be factors that influence their distribution. The steep bathymetry found on the east side
of the IOS may provide the most efficient path for egg-bearing lobsters to access warm
water for egg development and deep water for hatching their eggs.



We hypothesize these movements are undertaken to provide an optimal place for
dispersal and survival of larvae.

Future Directions and Implications for Management
This study in combination with past studies from the Watson lab provide evidence that
lobsters primarily hatch their eggs in offshore deep water and that these movements may serve to
enhance dispersal and survival of larvae. We plan to follow up on this research over the next
two years by conducting the following research: 1) Assess the distribution of lobster larvae and
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their potential food sources at three locations along the coast, offshore (15km), nearshore (7km)
and inshore (1km) using a paired neuston net. To our knowledge the spatial distribution of
lobster larvae has not been documented in the Gulf of Maine with regards to proximity to shore.
If indeed, our hypothesis is correct, a higher abundance of lobster larvae will be captured
offshore, which could provide additional evidence of offshore hatch. 2) We will conduct a series
of lab studies to determine what cues may be responsible for this directed movement to deep
water. For instance, we will set up a temperature controlled experiment to determine if lobsters
prefer certain temperatures to hatch their eggs.
This research is important to management for a number of reasons. In Southern New
England, research has shown that egg-bearing lobsters moved to cooler deeper water as the
temperatures increased. Similar scenarios could be imminent in the Gulf of Maine, and thus, it’s
important to understand the areas female lobsters prefer to brood and hatch their eggs. Also, the
area where eggs are hatched has a direct effect on the dispersal and survival rates of their larvae.
It has historically been assumed that females hatch their eggs in the locations where they’re
found in the spring/early summer with late stage pre-hatch eggs. Our research suggest otherwise,
as we’ve demonstrated that there’s a directed movement just prior to hatching their eggs.
An important next step in the progression of this research would be to determine the
spatial distribution of females during egg hatch. This is important because if lobsters primarily
hatch their eggs offshore, oceanographic bio-physical models would need to account for this, as
it could significantly change our knowledge of transport dynamics. Finally, this study, as well as
those that have preceded it provide ample evidence that offshore shoals are important to the
reproduction of this species and need to be protected from coastal development.
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